Abstract We present a new approach to visualizing and quantifying the displacement of segments of Pseudomonas aeruginosa azurin in the early stages of denaturation. Our method is based on a geometrical method developed previously by the authors, and elaborated extensively for azurin. In this study, we quantify directional changes in three a-helical regions, two regions having b-strand residues, and three unstructured regions of azurin. Snapshots of these changes as the protein unfolds are displayed and described quantitatively by introducing a scaling diagnostic. In accord with molecular dynamics simulations, we show that the long a-helix in azurin (residues 54-67) is displaced from the polypeptide scaffolding and then pivots first in one direction, and then in the opposite direction as the protein continues to unfold. The two b-strand chains remain essentially intact and, except in the earliest stages, move in tandem. We show that unstructured regions 72-81 and 84-91, hinged by b-strand residues 82-83, pivot oppositely. The region comprising residues 72-91 (40 % hydrophobic and 16 % of the 128 total residues) forms an effectively stationary region that persists as the protein unfolds. This static behavior is a consequence of a dynamic balance between the competing motion of two segments, residues 72-81 and 84-91.
Introduction
Since the pioneering work of van der Waals in the nineteenth century, it has been recognized that repulsive forces, and attendant excluded-volume effects, play the dominant role in defining the structure of the liquid state [1] [2] [3] [4] . In the study of protein structure, the role of excluded volume was emphasized in the seminal contributions of Ramachandran and coworkers (e.g., [5] ). The native state of a protein represents an optimized and sensitive balance between excluded-volume effects and both short-range and longrange attractions between and among the constituent residues. In previous work, we explored the consequences of relaxing steric constraints in the early stages of denaturation. We focused on Pseudomonas aeruginosa azurin ( Fig. 1 ) and documented changes in the spatial coordinates of each residue with respect to the Cu 2? ion [6] . We then extended our model to quantify the associated changes in the angular configuration of neighboring residues as the protein unfolds [7] . In the present study, we further develop our geometrical approach to track the motion of distinct regions of the polypeptide chain as azurin denatures; we Responsible Editors: Lucia Banci and Claudio Luchinat.
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consider a-helical regions, b-strand residues, and regions in which secondary structure is absent.
In ''Segment motion'' we briefly review our geometrical approach and introduce a generalization which allows us to construct snapshots of the relative motion of segments of the polypeptide chain in the early stages of denaturation. In ''A quantitative diagnostic'' these representations are supplemented by a diagnostic which allows a quantitative description of chain motion. The results are presented and discussed in ''Results'' and ''Discussion,'' respectively.
Methods

Segment motion
Our geometrical model presented for azurin [6, 7] , and elaborated previously for several other proteins [8] [9] [10] , makes fundamental use of crystallographic data for each protein being studied. From these data, the geometry of n = 3 residues, a central residue and its two nearest neighbors, is determined for each residue of the polypeptide chain (except the two terminal ones). The geometry of each triplet is maintained invariant in all subsequent calculations. The early stages of unfolding are represented by relaxing, sequentially, the native state geometry of segments of n = 5, 7, 9, and so on, up to 15 residues of the polypeptide chain. Among the possible relaxed conformations that could, in principle, be realized, we specify the fully unfolded state to be represented by a linear sequence of native state triplets. For example, for azurin in the n = 5 unfolded state, the sequence of five residues, Ser34, His35, Pro36, Gly37, and Asn38, is represented by two triplets, Ser34-His35-Pro36 and Pro36-Gly37-Asn38, centered on proline and aligned in a linear array. The stage n = 7 is specified by three triplets in a linear array, the stage n = 9 is specified by four triplets in a linear array, and so on, up to n = 15 with seven triplets in a linear array.
At each stage of unfolding, the length of the sides and the defining angles of the triangle formed by connecting the Fig. 1 Azurin sequence and segment identification. The two orientations of azurin shown at the bottom are the same as in Fig. 4 leftmost and rightmost residue in a segment to the Cu 2? ion are determined (see [6, 7] for full details). The distances and angles characterizing, for example, the triangle formed by Ser34, copper, and Asn38 are specified with respect to the coordinates of the copper and the calculated coordinates of the a-carbon of Ser34 and Asn38. This calculation is done for each internal residue for each stage of unfolding of the protein. The results obtained are used to quantify the relaxation of spatial and angular correlations as azurin denatures. Once the geometrical model has been defined, all subsequent calculations are conducted without introducing any further approximations.
As elaborated in [7] , insights into the torsional motion of the unfolding polypeptide chain can be inferred from changes in a defined, angular signature D. By construction, if the triangle formed among three residues is perfectly isosceles, the signature is D = 0. Values of D greater than or less than zero specify the degree to which the triangle is scalene.
From tabulations of the signature D, we confirmed that on denaturation the predicted directional change in motion of the extended a-helix in azurin (residues 54-67) was in substantial agreement with the results obtained in the molecular dynamics (MD) simulations of Rizzuti et al. [11] . In what follows, we introduce a direct (as opposed to inferential) method of characterizing the motion of all regions of the polypeptide chain as the protein unfolds.
To proceed, consider the sequence of residues Ser34, His35, Pro36, Gly37, and Asn38. The distance of each of these residues from the copper in the native state and the distance between any pair of residues are readily calculated from crystallographic data [12] . Using the geometrical methods introduced in [6] [7] [8] [9] , one can also calculate the distance of each of these residues from the Cu 2? ion in the first unfolded state (n = 5) and the distance between any pair of residues. For the above sequence of five residues, we now construct three triangles (Fig. 2) : Ser34-His35-Pro36 (red in Fig. 2 ), His35-Pro36-Gly37 (blue in Fig. 2) , and Pro36-Gly37-Asn38 (green in Fig. 2 ). The length of each side and the angles of the vertices of these triangles can be determined exactly for the native state and for the unfolded states [6, 7] .
In the spirit of Kadanoff's [13, 14] ''block-spin'' renormalization group theory, wherein a system in which atoms (spins) interact only with nearest neighbors is divided into blocks, and block variables are introduced to describe the average behavior of the block, we now replace the three triangles in Fig. 2 by a single, encompassing ''block'' triangle, Ser34-Pro36-Asn38 (vertices shown in bold in Fig. 2 ). Figure 3 illustrates the evolution of these block triangles for the native state through n = 15. Comparison of the native and n = 5 triangles in Fig. 3 shows that the leftmost vertex (Ser34) remains essentially stationary when the native state begins to unfold, whereas there is a noticeable shift in the position of the rightmost residue (Asn38). This behavior may be described qualitatively by saying that the overall configuration of the constituent residues (Ser34-His35-Pro36-Gly37-Asn38) pivots Fig. 2 The first stage of unfolding (n = 5) is shown by the red triangle connecting the a-carbons of the three residues, Ser34, His35, and Pro36. Likewise, the triangles formed by His35, Pro36, and Gly37 and by Pro36, Gly37,and Asn38 are shown in blue and green, respectively. A ''block'' triangle for n = 5 is formed by connecting Ser34, Pro36, and Asn38. The orange circle shows the location of clockwise with respect to copper as the protein unfolds from the native state to the n = 5 state.
A quantitative diagnostic
We now introduce a quantitative diagnostic to document the pivoting behavior illustrated in Fig. 3 for any sequence of residues in the polypeptide chain ( Fig. 1 ). In [6] , the distance of each residue i from the Cu 2? ion was calculated for the native state geometry and for the extended states (n = 3-15). From these data, a spatial signature S i for each residue i at each stage was defined as the ratio of the calculated distance in the extended state to the distance in the native state. By construction, the value S i = 1 defines the native state, and values of S i different from unity calibrate the spatial displacement of each residue at a given stage of unfolding relative to the native state. Likewise, the angular signature (b i ) [7] is the ratio of the angle formed by the leftmost residue (lowest residue number) and rightmost residue (highest residue number) in a given extended state, and the angle for the same three residues in the native state (see the electronic supplementary material).
In the example illustrated in Figs. 1 and 2, the net displacement of residue Ser34 relative to the native state is specified by
and the net displacement of residue 38 relative to the native state is specified by
The ratio of s L to s R is designated T.
The more pronounced displacement of the rightmost residue of the ''block'' triangle, Ser34-Pro36-Asn38, for the n = 5 unfolded state (Fig. 3, red) relative to the native state (Fig. 3, gray) is characterized by a value T \ 1. A value of T [ 1 signals that the more pronounced displacement is toward the leftmost residue, Ser34. For segments of increasing length centered on residue Pro36, values of s L , s R , and T can be calculated for each stage of unfolding, n = 5 to n = 15. A similar program was executed for several of the key features of azurin (see later). We will use the diagnostic T to track motional changes of extended segments of the polypeptide chain as azurin denatures.
Results
The portions of azurin considered in this study are shown in Fig. 1 : residues in the long a-helical region (H2, residues 54-67) are shown in blue, shorter a-helical regions (H1, residues 40-45; H3, residues 116-120) are shown in green, b-strand regions (S1, residues 28-34; S2, residues 92-98) are shown in red, and unstructured regions (K1, residues 9-18; K2A, residues 72-81; K2B, residues 84-91) are shown in orange. Note that in our earlier work we differentiated between internal residues in a given ahelix and those at the ''interface'' between regions. For simplicity here, we adopt here the regions of a-helical and b-strand residues specified in the crystallographic study of Crane et al. [12] (Protein Data Bank ID 1JZF), with one exception: in order to make a direct comparison with MD simulations [11] , we designate the boundary residues for the long a-helical region as 54-67, rather than 55-65 as in [12] .
Using previously calculated signatures, S i , b i , and D i [6, 7] , we have determined overall averages for the regions shown in Fig. 1 . Region K2 is the aggregate region that encompasses K2A and K2B. These averages were determined by calculating the area under the curve generated when a given signature is plotted as a function of residue number for stage n, normalized by the value calculated for the native state. The region averages for S i are given in Table 1 , those for b i are given in Table 2 , and those for D i are given in Table 3 .
The data in Table 4 record the corresponding region averages for s L , s R , and their ratio T. The directional change of regions of the polypeptide chain can be followed as the protein unfolds using these data. For example, consider the primary a-helical region H2 (residues 54-67). As inferred from our analysis of the signature D i [7] , but evident from the data presented in Table 4 , helix H2 pivots first one way, then reverses direction as azurin denatures, in full agreement with MD simulations [11] . It is important to point out that the direction of rotation depends on the choice of the origin for the coordinate system. The quantitative metrics will change accordingly, but the qualitative behavior of the protein structures does not depend on the choice of origin.
To fashion a more global picture of the unfolding of azurin region by region, we present composite pictures of the position of the a-carbons (Fig. 4) . The overall motion of a defined segment of the polypeptide chain in the first, n = 5 stage of unfolding is determined by constructing the average hTi of the set of T i for each residue i comprising that region normalized with respect to the native state. If the net displacement of the leftmost member of that segment is more pronounced than that of the rightmost member, the segment is shown in cyan; if the more pronounced displacement is in the opposite direction, the segment is shown in magenta. Other color coding is as in Fig. 1 .
Discussion
Quantifying early stages of azurin unfolding
We elaborated a novel way of visualizing and quantifying the displacements of a-helical, b-strand, and unstructured segments of azurin on initial denaturation. Although our principal focus is on the unfolding of azurin, folded proteins exhibit a variety of fluctuations, so the results presented here for early stages of denaturation give insight into the resiliency of the native structure to steric perturbations. Our conclusions follow from the summary portraits of the motional behavior of these regions, presented in Fig. 5 , where we plot S = s L /s R for the several extended regions considered in this study.
In Fig. 5a the profile of T versus the extension index n is displayed for the three a-helical regions H1, H2, and H3. Both helix H1 and helix H3 show a pronounced counterclockwise motion, followed by a pronounced clockwise motion. Qualitatively similar behavior was found for the extended a-helix H2, although here motional changes are suppressed and the reversal is much more gradual. The Table 1 
Segment
Region n = 5 n = 7 n = 9 n = 11 n = 13 n = 15 Table 2 hb i i for stages n = 5 to n = 15 Segment Region n = 5 n = 7 n = 9 n = 11 n = 13 n = 15 Table 3 hD i i for stages n = 5 to n = 15 Segment Region n = 5 n = 7 n = 9 n = 11 n = 13 n = 15 crossover for all three helices is in the vicinity of a segment length n = 9. Since each turn of the a-helix requires 3.6 residues, both H1 (with six residues) and H3 (with five residues) are effectively one-turn helices; helix H2 (with 13 residues) will have three turns. The more lethargic response of helix H2 as steric constraints are relaxed probably reflects the enhanced cooperativity of residues comprising the extended secondary structure of this region. As shown in Figs. 4 and 5, residues comprising the bstrand regions S1 and S2 remain essentially intact during the early stages of denaturation. The pivoting behavior of region S2 is similar to the behavior of the helical region (H3). The pivoting behavior of region S1 is consistently clockwise. Except in the earliest stage of unfolding, the displacements of b-stand regions S1 and S2 are in tandem, although motional changes for S1 are more suppressed.
The behavior of the unstructured region K1 is similar to that of helices H1 and H3, although the crossover point shifts from n = 9 to n = 11. This delay is probably a consequence of the greater number of residues in region K1 versus regions H1 and H3 (ten versus six and five). In the early stages of unfolding, region K2A is displaced in one direction, and region K2B is displaced in the opposite direction. The composite region (K2), containing both K2A and K2B, remains essentially immobile as azurin unfolds. We suggest that the effective, stationary behavior exhibited by the polypeptide segment K2 is the consequence of dynamic tension, a ''standoff'' between opposing motions of two constituent segments, K2A and K2B. During the folding of azurin, a core hydrophobic region serves as a nucleus for self-assembly. Region K2 comprises, overall, 20 residues, about 16 % of the total number in azurin (128). Of the 20 residues, eight (approximately 40 %) are definitely hydrophobic. Although this is not the prototypical hydrophobic core [15] , it displays noteworthy stability that is a result of dynamic motions in two halves of the overall region.
Finally, we again draw attention to the studies of Guzzi and coworkers [11, [16] [17] [18] [19] [20] in which they emphasize the importance of Trp48 as a probe with which to assess the 
Region n = 5 n = 7 n = 9 n = 11 n = 13 n = 15 strucutre/exposure of azurin's hydrophobic core. Since Trp48 is well buried in the core of azurin, fluorescence can be used as a sensitive measure of the integrity of the protein fold. They found that the core of the protein is stable during initial unfolding, but once helix H2 is displaced from the scaffolding of azurin, Trp48 becomes exposed to solvent. Their experimental evidence showed that the exposure to the solvent of Trp48 preceded breakdown of the secondary strucutre, as well as total loss of the tertiary structure. Fig. 4 Position of the acarbons for each azurin segment for unfolding metrics a n = 5 and n = 7; b n = 7 and n = 9; c n = 11, n = 13, and n = 15. The bottom rows show polypeptide segments that pivot toward the leftmost residue (cyan) or rightmost residue (magenta) of the corresponding ''block'' triangles. The native protein structure is shown as a semitransparent ribbon and Cu 2? is shown as an orange sphere. Full-page versions of this figure are given in the electronic supplementary material We previously [3] calculated the displacement of most of the residues of azurin relative to Cu 2? as the protein unfolded, and constructed a spatial signature S i , the ratio of the distance (of the a-carbon) of a given residue in the extended state (n) to that in the native state. The signature S i for Trp48 changed from 1.00 in the native state to 1.04 in stage n = 5, 1.05 in stage n = 7, 1.12 in stage n = 9, 1.24 in stage n = 11, 1.39 in stage n = 13, and 1.77 in stage n = 15. Translated into angstroms, the distance of the acarbon of Trp48 from Cu 2? in the native state, 8.3 Å , changes on unfolding to 8.6, 8.7, 9.3, 10.3, 11.5, and 14.7 Å for n = 5, n = 7, n = 9, n = 11, n = 13, and n = 15, respectively. As seen from Table 1 , these changes are comparable to (overall) changes in S1 and S2, the regions composed of b-strand residues.
Our calculations show that changes in the (average) signature hS i i are most pronounced for the a -helical regions H1, H2, and H3, and less so for the dynamic K2, and certainly greater than for regions S1 and S2, in accord with the principal conclusions in [11] and the earlier MD study of Arcangeli et al. [21] . We also find that changes in the position of residue Trp48 relative to Cu 2? in the early stages of denaturation are, as for the b-strand regions S1 and S2, of the order of 1 Å (see above), noticeably smaller than that of the hydrophobic core K2 or the a-helical regions. This behavior is in agreement with the MD simulations in [11] .
Comments on the geometrical approach
The seminal work of Ramachandran and Sasisekharan [5] identified the role of excluded-volume effects in restricting native state protein configurations. These accessible configurations are identified via a plot of the backbone dihedral angles / and w of the constituent residues. Our geometrical approach proceeds by a segment-by-segment analysis of the unfolding of the crystallographically defined native structure, which can be regarded as describing the ''melting'' of regions defined by the [/, w] plot. The significant new feature introduced here is that we quantitatively characterize configuration changes in the native structure as the protein unfolds. Although our model is not designed to capture the same dynamic features as high-level simulations, we arrive at many of the same conclusions regarding bulk motions of important protein segments. This suggests that our approach could be a simple starting point for refining the specific focus of high-level computational approaches in complicated protein systems. The following paragraphs highlight the underlying physical features of our model and contrast it with advanced simulations.
To provide physical insight into why our geometrical model is able to capture and characterize the local stability of azurin, as well as the other proteins [8] [9] [10] , we take advantage of results drawn from the theory of classical fluids [1] [2] [3] [4] . In these theories, repulsive (geometrical) forces between the molecules comprising a dense fluid are the primary determinant of liquid structure. Excludedvolume effects arising from repulsive interactions also govern the transition between the liquid and solid states. Attractive interactions are thought to ''fine-tune'' the interactions between molecules in a fluid, leading to the thermodynamic differences found experimentally among different molecular systems. In addition, the liquid-gas transition and critical phenomena are driven by long-range attractive interactions. This characterization of the factors influencing the stability of phases was shown to follow from a rigorous analysis of equations derived from the distribution function theory of liquids for a system of rigid spheres of diameter r surrounded by an attractive core of strength e, which extends to separations Rr [22] .
In our approach, we argue that unfolding of a protein from the native configuration to disordered configurations is conceptually similar to the disruption of a solid to a liquid, a quasirandom system with local structure Fig. 5 The metric T versus the extension index n for a the a-helical regions H 1 (blue line and circles), H 2 (green line and squares), and H 3 (red line and triangles), b the b-strand regions S1 (blue line and circles) and S2 (green line and squares), and c the four unstructured regions K1 (blue line and circles), K2A (green line and squares), K2B (red line and triangles), and K2 (black line and diamonds) determined primarily by short-range correlations. The geometrical model introduced here gives a systematic way of following the local relaxation of steric constraints between and among segments of the polypeptide chain as the protein unfolds. It is important to stress that the success of our approach is predicated on a high-fidelity (optimized) starting point, i.e., the crystallographic structure.
Our model involves only theorems from plane geometry and trigonometry, so it is computationally inexpensive. Once translated into a program, the compilation times required to execute the calculation on a standard desktop computer are vanishingly small compared with the times required for full-scale MD simulations, the most sophisticated of which are conducted on supercomputers. Beyond this calculation aspect, a further advantage of our model is that the unfolding of the protein can be followed to a greater degree of denaturation, corresponding to longer times. The best MD simulations follow unfolding to a few nanoseconds, thus capturing only the earliest stages of denaturation.
Furthermore, MD simulations are often run at higher than ambient temperatures to advance the disruption of the polypeptide chain, the assumption being that the behavior induced still portrays the behavior of the protein at lower temperatures. Our approach requires no additional assumptions concerning the temperature of the system. Guided by our understanding of the solid-liquid transition in classical fluids, we argue that temperature-independent excluded-volume effects determine the main structural features of protein denaturation; we regard temperaturedependent down-range attractive interactions as a perturbation.
Conclusion
We have developed a comprehensive model to describe the behavior of major segments of azurin in the early stages of unfolding. Although our purely geometrical model cannot predict specific unfolded structures (which reflect the interplay of both short-range and long-range potential interactions), it does capture the dominant unfolding behavior of important protein structures. Our results are in excellent agreement with experiment and MD simulations, which is noteworthy since MD simulations are computationally intensive and calculations based on our geometrical (analytic) model are not. We are presently using the approach described in this study to characterize the denaturation of a range of proteins, including those studied previously [8] [9] [10] .
